Introduction
Submerged Entry Nozzle (SEN) clogging is one of the major problems lowering quality of steel products and productivity during the continuous casting process. Nozzle clogging occurs often during casting of Al-killed Low Carbon (LC) steel and Ultra Low Carbon (ULC) steel. 1) The clogging mechanism in Al-killed ULC steel was well established that the clogging is developed by two steps: network alumina formation and buildup of alumina inclusions suspending in liquid steel. [1] [2] [3] The network alumina is formed on inner surface of a nozzle due to a reaction between dissolved Al in liquid steel and CO gas generated from the nozzle. 1, 2, 4) Once the network alumina is formed, other alumina inclusions suspending in the liquid steel as a product of deoxidation move to the inner wall due to eddies induced by steel flow. The roughness of inner wall of the nozzle provides a favorable condition for the alumina inclusions to attach to the already formed network alumina layer. 1) As this alumina adheres repeatedly, inner passage of the nozzle becomes narrower. Finally, it causes the nozzle
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clogging, followed by termination of the casting process. There are various solutions to suppress the nozzle clogging phenomena during continuous casting of Al-killed ULC steel such as argon bubble injection, enhancement of nozzle geometry, use of CaO based nozzle, etc. 1, 5) On the other hand, when Ti is added to Al-killed ULC (Ti-ULC) steel, nozzle clogging becomes more serious than that of Ti-free ULC steel. Clog materials found in Ti-ULC steel casting is somewhat different to that observed in the case of Ti-free ULC steel casting.
6) The reason for the deteriorated nozzle clogging has not been fully clarified yet. Several researchers have investigated the effect of Ti on the nozzle clogging of Ti-ULC steel casting. [6] [7] [8] [9] Distinctive difference between the two cases (Ti-free ULC steel casting vs Ti-ULC steel casting) is that clog material of the Ti-ULC steel casting is composed of frozen steel with dispersed alumina clusters, 6, 7) whereas that of Ti-free ULC steel casting is almost alumina 1 . 1) Basu et al. reported that clog material of Ti-ULC steel casting was heavier and tougher than that of Ti-free ULC steel casting. 6) Moreover, a large amount of frozen steel was observed, but Ti-bearing inclusions ("TiO x − Al 2 O 3 ") were observed at few locations for the former case. Some researchers agreed that nozzle clogging could be originated from the formation of Al-Ti-O inclusion, which has high wettability with liquid steel. 7, 10) It was also suggested that formation of Ti-containing oxide layer is responsible for adhesion of frozen steels to the nozzle wall. 7, 8) On the other point of view, some researchers reported that Ti in liquid Fe lowers the surface tension of liquid Fe-Ti alloy or contact angle between alumina substrate and the liquid alloy. [11] [12] [13] This may reduce interfacial tension between Ti-ULC steel and nozzle, and may promote good adhesion of the liquid steel to the nozzle. However, there were also a few reports that Ti does not lower the surface tension/contact angle. [14] [15] [16] The previous observations might be attributed to possible contamination of Ti sample 15) or impurities in alumina substrate used for the contact angle measurement. 17) In particular, Bernhard and co-workers 13, 17) found during their contact angle measurement between Fe-Ti alloy and alumina substrate that using almost pure alumina substrate did not lower the contact angle noticeably, while using less pure alumina substrate lowered the contact angle significantly. In the latter study, they observed an intermediate phase formed at the interface, which was composed of "rich in Al, O, Fe and Ti". 13) However, the interfacial phase was not further analyzed.
On another direction, studies on oxide inclusion evolution in Ti-ULC steel were carried out. [18] [19] [20] [21] [22] [23] Some researchers reported that Al-Ti-O complex inclusions could be formed during deoxidation or reoxidation. The inclusions may have high wettability with liquid steel, and were observed inside the frozen steel. 1, 6, 10) This may be responsible for the cause of nozzle clogging in Ti-ULC steel casting. However, it was not clear what type of inclusions could form in the steel. A number of thermodynamic researches were carried out in form of oxide stability diagram. [19] [20] [21] [24] [25] [26] [27] Some reported complex Al-Ti oxide (Al 2 TiO 5 ) forms, 19, 20) and the other reported liquid oxide could form. 20, [25] [26] [27] Although not all of these diagrams look the same, it can be read from those diagrams that stable phase of oxide inclusion in typical Ti-ULC steel (containing a few hundred ppm of Ti and Al, respectively) should be solid alumina only. This is not much different to the case of Ti-free ULC steel. Therefore, oxide inclusions by deoxidation/reoxidation could not explain the significant deterioration of nozzle clogging of Ti-ULC steel casting, and clog material composed of frozen steel mixed with alumina inclusion.
When observation of nozzle clogging material, 6, 8) discrepancies in surface tension/contact angle measurement, [12] [13] [14] [15] [16] and oxide stability diagram of the Fe-Al-Ti-O system, [19] [20] [21] [24] [25] [26] [27] it may be suggested that interfacial reaction between liquid Ti-ULC steel and nozzle refractory should be carefully considered. Forming interfacial phase would change adhesion character between the steel and the refractory. However, condition at the interface would be different to that in bulk liquid steel, in particular chemical composition of the steel. Also, phases newly formed at the interface would be different to what is usually known as "network alumina". Since typical SEN is mainly Al 2 O 3 − SiO 2 − C type, it is known that CO gas could be generated because of direct reaction between SiO 2 and C. [1] [2] [3] However, to the best knowledge of the present authors, there was no study on the interfacial reaction between Ti-ULC steel and CO gas emitted from refractories.
In the present study, oxidation behavior of Ti-ULC steel by CO gas was investigated which simulates the interfacial reaction between Ti-ULC steel and nozzle refractory during continuous casting. A series of CALPHAD thermodynamic analyses were first carried out in order to understand stable phases at the interface. And experimental investigations were followed by oxidizing a number of Ti-ULC steel samples by CO gas. Importance of the findings to understand nozzle clogging of Ti-ULC steel is discussed.
Thermodynamic Analysis
In order to know what types of phases form at the interface, it is necessary to check phase diagrams of the system relevant to the present study. As the interfacial reaction occurs between Ti-ULC steel and CO gas generated from nozzle refractory, the present system may be represented by oxidation of liquid Fe-Al-Ti alloy. Therefore, the present system is confined to the Fe-Al-Ti-O system. Phase diagrams shown in the present article were obtained by CALPHAD thermodynamic calculations using FactSage and relevant thermodynamic databases.
28) The thermodynamic databases have been prepared by a series of critical evaluation and thermodynamic optimizations. Details of database construction for the system relevant to the present study can be found elsewhere. [25] [26] [27] 29) Ti-bearing inclusion was often expressed as "TiO x − Al 2 O 3 ". It should be noted that Ti is a transition metal, therefore, phase equilibria of Ti-containing oxide system depend significantly on oxygen partial pressure in a system. Figure 1 shows calculated phase diagram of (a) Al 2 O 3 − TiO x at p O2 = 0.21 atm (air), (b) Al 2 O 3 − TiO x at p O2 = 10 − 15 atm (reducing condition), and (c) Al 2 O 3 − TiO x at T = 1 540°C. x − axis is a molar ratio of n Ti /(n Al + n Ti ). Often referred complex inclusion "Al 2 TiO 5 " can be seen in Fig. 1 (a) near casting temperature (approximately 1 530 to 1 550°C). However, the same phase is not shown in Fig. 1(b) where the corresponding p O2 is more relevant to the liquid steel. In fact, Fig.  1 (c) is a phase diagram of Al-Ti-O system at a fixed temperature (1 540°C) with p O2 as a y-axis. The Al 2 TiO 5 is seen to be stable only p O2 > ~ 10 − 11.7 atm at this temperature. This is thought to be significantly higher than that in liquid steel. Therefore, temperature and oxygen partial pressure are determining factors of oxide stability in the present system.
It is suggested that all thermodynamic considerations be carried out under the condition of continuous casting, and local condition at the interface. Before the local condition is discussed, it is first checked what phases would form when Ti presents in ULC steel killed by Al.
Oxides in Fe-Al-Ti-O System
Phase diagrams of Fe t O-Al 2 O 3 and Fe t O-TiO x systems were calculated, and are shown in Fig. 2 . Since Fe and Ti are both transition metals, oxygen partial pressure should be set to correctly define phase equilibria. Figure 2 was obtained at metallic Fe saturation, which is thought to be close to a situation of oxide inclusion in liquid steel. In this regard, it is worthwhile to analyze an oxide stability diagram relevant to Ti-ULC steel. As the Ti-ULC steel may be simply represented by Fe-Al-Ti alloy, an oxide stability diagram of the Fe-Al-Ti-O system was considered. A recently reported diagram at 1 540°C is shown in Fig. 3 . 26, 27) Depending on the composition of the steel, different oxide phases can be stable. In a region marked "A", which represents the composition of typical Ti-ULC steel, a stable oxide phase is seen to be Al 2 O 3 . Here, the composition would be understood as the bulk composition of the steel. Oxygen concentration is as low as a few mass ppm. On the other hand, a liquid oxide (composed of Fe t O-Al 2 O 3 -TiO x ) can form in the region of high O region (marked as "B") where the oxygen concentration is as high as a few hundred ppm. If a Ti-ULC steel is exposed to any oxidation condition, it would cause the formation of the liquid oxide. In the present study, it is considered that nozzle refractory would provide such oxidation environment, and the oxidation occurs at the interface between the nozzle and the liquid steel.
CO Formation Reaction in Nozzle Refractory
Generally, nozzle refractory is composed of Al 2 O 3 , SiO 2 clinker, and flake type graphite. CO gas is generated by Reaction (1) from direct contact between SiO 2 and graphite.
1-3) The CO gas generated from inside of the nozzle migrates through open pores in the refractory toward its surface, and forms network alumina by Reaction (2) for normal Al-killed steel:
SiO s refractory C s refractory SiO g CO g Under thermodynamic equilibrium, SiC(s) is stable instead of SiO(g). Therefore, SiO(g) is a metastable species, and most part of the gas is almost CO(g).
In the Ti-ULC steel, the CO gas emitted from the refractory material can be a source of the oxidation at the interface. According to the discussion in Sec. 2.1, not only Al 2 O 3 but also liquid oxide may form depending on the local composition of the steel near the interface. Then, it is reasonable to think that the steel passing through the nozzle is exposed to the CO gas, which could be a source of surface oxidation of the Ti-ULC.
Reaction between CO Gas and Fe-Al-Ti Alloys
-Thermodynamic Prediction It is worthwhile to observe what results from a reaction between Ti-ULC and CO gas at the casting condition (pressure and temperature at the interface between the steel and the nozzle inner wall). For the sake of simplicity, total pressure and temperature were assumed to be 1 atm, and 1 540°C, respectively, but this is reasonable. Figure 4(a) shows a calculated phase diagram of the Fe-C-O system using FactSage. 28) Concentrations of C and O in liquid Fe are shown where CO gas is in equilibrium with the liquid Fe. Three different conditions were considered. Most relevant condition to the casting condition is shown by a thick solid line. When CO gas is supplied to almost pure Then, concentrations of C and O at the interface increase keeping an equimolar ratio of C and O (Δn C = Δn O ) until the liquid Fe is saturated by the CO gas. It is marked by a closed circle, where O concentration at the interface reaches up to 500 ppm, which is soluble concentration. In other words, assuming that the gas supplied from the refractory is almost CO, the O concentration in the vicinity of the refractory was expected to be around 20 times higher than those of the ULC steels (~20 ppm). The behavior of oxide formation at the interface with the higher local O concentration (represented by the closed circle) is thought to be dissimilar to that in bulk region (represented by the open circle). On the way from the bulk (open circle) to the interface (closed circle), concentrations of O and C, and oxygen partial pressure of the system were also calculated, and were shown in Figs 4(b) to 4(d), respectively. It can be understood that O concentration at the interface is significantly higher (where P CO is close to 1) than that in the bulk steel (where P CO is very low or close to zero), for which the latter information has been usually considered. It should be stressed that, in order to understand what happens at the interface, the local condition be considered. From the above, it is postulated that chemical reactions relevant to form clog materials on the inner wall of SEN occur between Ti-ULC steel and CO gas at the casting condition. The clog materials should be found in the presence of CO gas in equilibrium with the steel (P CO = 1). Therefore, the above analysis is now extended to systems containing Al and/or Ti. Figure 5(a) shows a calculated phase diagram of Fe-Al-Ti-CO system at P CO = 1, T = 1 540°C. Fig. 5(b) . Increasing Al concentration increases the fraction of Al 2 O 3 , and decreases that of liquid oxide after the formation of Al 2 O 3 . A long-dashed line in the Fig. 5(a) This analysis means that liquid oxide could form at the interface between Ti-ULC steel and nozzle refractory at casting condition. Furthermore, it should be noted that the liquid oxide contains Fe t O, which is known to adhere easily to refractory as well as to liquid steel. This may play as a precursor to cause building up clogging materials during continuous casting of Ti-ULC. It is worthy to note that the liquid oxide does not form when Ti concentration is low. This may be a possible reason why increasing Ti concentration in ULC steel deteriorates nozzle clogging during continuous casting. The thermodynamic prediction is validated in the present study, as will be discussed in Sec. 3.
Experimental
Oxidation of a number of Fe-Al-Ti alloys was conducted by blowing CO gas on the surface the alloys. Any oxide phases formed on the surface were analyzed and compared with the thermodynamic predictions shown in Sec. 2.3.
Sample Preparation
0.5 kg of electrolytic iron was charged into an MgO crucible and was melted at 1 600°C in an induction melting furnace. In order to remove O as an impurity in the electrolytic iron, Ar-4 pct H 2 gas mixture flowed over the molten iron for 4 hours. It was confirmed by LECO inert gas infrared absorption analysis that O in the iron was decreased to ~20 ppm. Six samples were prepared: pure Fe, Fe-0.05Al, Fe-0.05Ti, Fe-0.0125Al-0.05Ti, Fe-0.025Al-0.05Ti, and Fe-0.05Al-0.05Ti. Those samples were prepared by adding an appropriate amount of Ti sponge (99.9 mass pct., Kojundo, Japan) and/or Al pellet (5N grade, Kojundo, Japan) into the molten iron after lowering the O concentration. After homogenizing, samples were obtained by quarts tubes of 4 × 10 − 3 m inner diameter to obtain bars of the sample. The samples were cut into small pieces of (6 ± 1) × 10 − 4 kg. The surface of the samples was ground to remove any oxide film, before subsequent oxidation experiment.
Experimental Procedure and Analysis
Schematic figure of experimental apparatus is shown in Fig. 6(a) . The sample was placed in a shallow alumina crucible ( Fig. 6(b) ), which is put in a quartz tube equipped with an RF generator (40 kW, 260 kHz). The tube was sealed by end caps in order to control atmospheric condition. Ar gas purified by passing through CaSO 4 column, and MgO chips at 550°C flowed at 0.5 L min − 1 through an inner quartz tube. Power of the RF generator was adjusted in order to set a temperature at 1 560°C, which is 20°C higher than that used in Fig. 5 in order to ensure melting of the sample. Once the target temperature was achieved, the Ar gas was replaced by 0.5 L min − 1 of CO gas, and oxidation of the sample started. After 30 minutes, the CO gas was switched back to Ar gas for purging, and the power was turned off in order to quench the sample. Obtained sample after the oxidation is shown in Fig. 6(c) . The sample was gold-coated. Surface of the samples was analyzed using Scanning Electron Microscopy (SEM) with Energy Dispersive Spectrometry (EDS). After then, the sample was mounted with cold resin, cut into a vertical direction (Fig. 6(d) ), and was subject to additional analysis by SEM-EDS in order to observe the cross section of the sample. More than ten points were analyzed, and average composition was obtained. C concentration from the EDS analysis was ignored as C solubility in oxide phase is usually very low. A preliminary test for a Fe-0.025Al-0.05Ti sample was reported elsewhere. 30) 
Results

Fe
Figure 7(a) shows surface of a sample of nearly pure Fe, after the reaction with CO. It looks clean with no oxide on the surface. The concentration of the surface was 84.25 ( ± 5.75), 4.25 ( ± 1.90), and 9.38 ( ± 3.71) (in mass pct) for Fe, O, and C, respectively, according to EDS analysis. Although the EDS does not provide accurate quantitative values for light elements such as O and C, the O concentration is higher than that of pure Fe before the reaction, but is lower than that of oxides. Any interfacial product was not detected in both surface and cross section by the SEM analyses. When the CO gas was dissociated on the sample by the Reaction (3), it is thought that the O concentration on the surface was locally increased, but no interfacial products were formed. This is consistent with the thermodynamic analysis shown in Fig. 4(a) .
Fe-0.05Al
SEM images of surface and cross section of 0.05 pct Al containing sample are shown in Fig. 8 . It is clear that a new phase was formed, and its thickness was ~2 μm. The 
Fe-0.05Ti
In Fig. 5 , it was predicted that liquid oxide should form in the presence of CO for this sample. Figure 9 shows analyzed results of the Fe-0.05Ti sample after the oxidation. Surface of this sample was covered by a new phase. The concentration of the surface product was 29.54 ( ± 9.43) Fe, 37 .00 ( ± 6.45) Ti, 31.69 ( ± 5.82) O, respectively, according to EDS analysis. Trace of Al (1.77 pct) was detected, and this might come from the alumina crucible. In EDS mapping analysis, dark phase (the surface product) in Fig.  9 (a) showed higher intensity of Ti that that of bright phase. When it is compared with the thermodynamic analysis, it is thought that the surface product was Fe t O-TiO x liquid oxide. Surface of the surface product (dark phase) also looks smooth, contrary to that shown in Fig. 8(a) . It suggests that the product was a liquid phase. Fe-(0.0125, 0 .025, 0.05)Al-0.05Ti Figure 10 shows morphology, SEM image, and EDS mapping image of the surface of Fe-0.0125Al-0.05Ti sample after the oxidation. At a first glance of Fig. 10(a) , the surface of this sample does not shine with metallic brightness, contrary to that can be seen in Fig. 7(a) where no oxide was formed. SEM image of the surface products looks to be composed of two parts, as can be seen in Fig. 7(b) . Dark part looks like a facetted crystal, and bright part looks to fill the remaining part. The concentration of the bright part was 56.06 ( ± 8.38) Fe, 15.02 ( ± 3.08) Ti, 6.29 ( ± 0.85) Al, and 22.66 ( ± 3.54) O, respectively. EDS mapping analysis (Figs. 10(c) to 10(f) ) showed that the dark phase has a high intensity of Al. On the contrary, high intensities of Ti and Fe were identified in the bright phase. It could be assumed that the dark phase was composed mostly of solid Al 2 O 3 , while the bright phase consisted of Fe t O-Al 2 O 3 -TiO x , which is a liquid phase at the casting condition. Increasing Al concentration (Fe-0.025Al-0.05Ti, Fe-0.05Al-0.05Ti) also resulted that surface of those samples were composed of both liquid oxide and solid Al 2 O 3 . Concentrations of the liquid oxides in a sample Fe-0.025Al-0.05Ti are 71.05 ( ± 2.72) Fe, 9.24 ( ± 0.70) Ti, 4.57 ( ± 1.61) Al, and 15.15 ( ± 1.81) O. Those of the other sample Fe-0.05Al-0.05Ti are 13.78 ( ± 5.10) Fe, 39.09 ( ± 2.50) Ti, 10.07 ( ± 1.77) Al, and 37.06 ( ± 3.31) O. Although this EDS analyzed concentrations are not considered quantitatively accurate, it is considered that these results in combination with the thermodynamic prediction (Fig. 5 ) support a fact that a liquid oxide composed of Fe t O-Al 2 O 3 -TiO x is formed by the reaction between Ti-ULC and CO gas.
4.4.
Similar experimental results were reported by Sasai and co-workers who investigated oxidation behavior of Al−,
31)
Ti− 32) and Ti-Al 32) deoxidized molten steels under high oxygen partial pressure range (P O2 = 0.05-0.23 atm). Their research was focused on reoxidation behavior of molten steel in tundish by air. Therefore, the atmospheric condition in their study was more significantly oxidizing than that employed in the present study (P O2 = ~10 −10 atm). They also observed that Fe t O-containing liquid oxide (and some portion of solid oxides) formed at the surface of the molten steels deoxidized by Ti or Ti-Al. Compared to their study, it was confirmed in the present study that even at P O2 = ~10 Presence of Fe oxide in the liquid oxide at the interface may increase the wettability to both the refractory material and the liquid steel. It is well understood that liquid Fe oxide easily adheres to other materials including steel and oxide by lowering interfacial tension. [33] [34] [35] 33) the liquid steel can be readily adhered on the surface of the nozzle by forming the Fe t O-Al 2 O 3 -TiO x layer. Then, it may be proposed based on practical operation 7, 37) that the clogging mechanism would be those shown , respectively, near the temperature of the present investigation. 38, 39) As a conventional clog material is the alumina clusters, which may be in contact with Ar gas due to Ar gas injection into the SEN, the heat transfer in the presence of the reduced Fe is likely to be enhanced. Then, heat extraction rate towards the atmosphere around the SEN becomes higher. This is considered to be reasonable for a part of the SEN above mold flux that is in contact with open atmosphere. Proposed clogging mechanism is schematically shown in Fig. 11 . On the other hand, the other part of the SEN below meniscus is in contact with the liquid steel in the casting mold. In such circumstance, the heat extraction rate would not be high. It requires further investigation in order to verify the formation of frozen steel.
Presence of Al 2 TiO 5 as an Oxidation Product
During the thermodynamic calculation in Fig. 5 , Al 2 TiO 5 was predicted to be one of the stable phases at certain condition (upper right side of a long dashed line in Fig. 5(a) , which is a Zero Phase Fraction line of Al 2 TiO 5 ). According to this prediction, the Al 2 TiO 5 should be observed in Fe-0.05Al-0.05Ti sample. However, this phase was not observed in the present study. This may be due to a low thermodynamic stability of this phase, requiring a longer time to be sintered and be densified. 40) Although it was not certain whether the solid phase is a true Al 2 TiO 5 or not, it is consistent with a report that additives such as MgO and ZrO 2 , which exists in the nozzle refractory as impurities, enhances sintering and densification of Al 2 TiO 5 , thereby making it more stable. Therefore, Al 2 TiO 5 may form under some favorable condition, controlled partially by a kinetic factor.
As can be seen in Fig. 1 , the Al 2 TiO 5 should be a stable phase at higher oxygen partial pressure. Nevertheless, Sasai and co-worker also did not report that Al 2 TiO 5 was observed in Ti-Al deoxidized molten steel oxidized at high P O2 condition. 32 ) Therefore, it is thought that Al 2 TiO 5 phase is not an easily forming phase, and it was not considered in the present study.
C Concentration in Liquid Steel and Interface
Oxidation According to the proposal in the present study, the formation of the liquid oxide due to oxidation by CO gas is related to nozzle clogging Ti-ULC steel casting. Nozzle clogging is generally serious for ULC steel where a mixture of alumina inclusion and frozen steel is often observed. On the other hand, nozzle clogging by such mixture is relatively less serious when C concentration in steel is high. This is thought that presence of the C could lower activity of O in liquid steel. This further lowers driving force to form the liquid oxide. Recent thermodynamic investigation on the construction of oxide stability diagram showed that increasing C concentration in liquid steel suppresses formation of such liquid oxide composed of Fe t O. 41) Instead of the liquid oxide, CO gas appears as a stable oxide phase. An example of oxide stability diagram of high C steel is shown in Fig.  12 . C concentration is intentionally set to 0.5 pct. for the sake of demonstration. As can be seen, CO gas is a stable phase instead of liquid oxide, contrary to the case shown in Fig. 3 . Consequently, the clogging mechanism shown in Fig. 11 may not be relevant to a case of high C steel casting.
The present study is in line with a relevant investigation of Fukuda et al. 4) They reported that the network alumina formation on the nozzle surface decreased by increasing C concentration in Al-killed steel. Since total O concentration was very low due to the high C concentration, occurrence of Al pickup was suppressed. 4) To summarize, the nozzle clogging during continuous casting of Ti-ULC steel is known to be caused by a mixture of frozen steel and alumina inclusion (with few Ti containing inclusions). This seems to be a result of the formation of liquid oxide composed of Fe t O-Al 2 O 3 -TiO x , reduced by Al in liquid steel or C in refractory. The formation of liquid oxide is caused by CO gas generated from nozzle refractory and is possible when C concentration in the steel is very low such as in ULC steel. However, when C concentration is high, oxidation of the liquid steel is suppressed due to the high C concentration.
Conclusions
In order to elucidate the mechanism of nozzle clogging in SEN during continuous casting of Ti-ULC steel, a series of thermodynamic analysis and experimental validation were carried out. It was focused on oxidation of liquid steel by CO gas generated from the nozzle refractory. By comparing the thermodynamic prediction with results of experiments for the interfacial reaction between CO gas and steel, fol- lowing conclusions have been obtained.
(1) CO gas generated from nozzle refractory dissolves in liquid steel, and local O concentration can be increased. This leads to various oxide formation at the interface between the nozzle and the liquid steel.
(2) When liquid steel contains only Al (Fe-0.05Al), Al 2 O 3 was generated by a reaction with CO gas. When liquid steel contains only Ti (Fe-0.05Ti), the liquid oxide was produced which is composed of Fe t O-TiO x . When liquid steel contains both Al and Ti (Fe-(0.0125,0.025,0.05)Al-0.05Ti), a mixture of liquid oxide composed of Fe t O-Al 2 O 3 -TiO x and solid Al 2 O 3 was produced. This was confirmed by thermodynamic analysis and laboratory scale oxidation experiments.
(3) The liquid Fe t O-Al 2 O 3 -TiO x oxide has high wettability with both the liquid steel and the nozzle refractory, and it provides a good contact between the liquid steel and the refractory.
This liquid oxide seems to play as a precursor of the nozzle clogging. It is not detected in SEN after practical operation. This may be attributed to a hypothesis that Fe oxide in the liquid oxide might be reduced by Al in the Ti-ULC steel or C in the nozzle refractory. This leaves reduced Fe and Al 2 O 3 -TiO x . This hypothesis should be further investigated.
In order to mitigate nozzle clogging in continuous casting of Ti-ULC steel, oxidation of the liquid steel by CO gas at the interface between the nozzle and the liquid steel needs to be suppressed.
